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The Moffatt–Swern oxidation (MSO) is a multistep, versatile, metal-free reaction by which alcohols are transformed into
aldehydes and ketones. Batch MSO requires low temperatures (−70 °C) due to a highly exothermic reaction step that
generates intermediates. This work shows that a rigorous investigation of the MSO in batch can be used as a stepping-stone to
its implementation in a continuous-flow reactor (CFR). This work has two parts: the first part details the investigation of MSO
in batch; the second covers the translation of the knowledge derived from batch to a CFR. The MSO batch reaction was
performed under cryogenic conditions with real-time process monitoring. The reaction was monitored with Raman spectro-
scopy and could be tracked throughout the reaction. All concentrations were validated using offline high-performance liquid
chromatography (HPLC) and gas chromatography–mass spectrometry (GC–MS). Two configurations of the CFR were
produced. Configuration 1 used the traditional batch methodology in terms of reagent addition and reaction conditions.
Configuration 2 used the information derived from the batch reaction, changing the order of the reagent addition and
increasing the temperature of the reactor. Real-time quantitative monitoring of chemical yield in the CFR was demonstrated
via Raman spectroscopy and partial least squares (PLS) regression modeling. Reaction yield was accurately predicted every
15 s, reducing the need for chromatographic validation once the model was built. Configuration 2 was shown to perform
comparably to configuration 1 at low temperature and far outperforming it at higher temperatures. Both CFR configurations
performed significantly better than the batch setup in terms of temperature and yield, as was expected.

Keywords: batch, continuous flow, Raman spectroscopy, partial least squares, real-time, process monitoring, PAT,
cryogenic

1. Introduction

Large-scale batch reactions are today the industry standard for
pharmaceutical and specialty chemical manufacturing. Taking a
batch reaction from discovery to production-scale can be both
time-consuming and complicated. Batch reactions have numerous
potential failure points for large-scale production. Handling of unsafe
chemicals in large scales requires appropriate safety facilities. Fur-
thermore, stepped operations require frequent interaction and process
monitoring. Finally, heating inefficiencies in large-scale reactors
limit the capability of employing temperature-sensitive reactions
and reproducibility can be limited outside research laboratories.

Monitoring a batch production process and validation of final
products can require hours of handling and use of various analytical
validation techniques. High-performance liquid chromatography
(HPLC) and gas chromatography–mass spectroscopy (GC–MS)
are widespread tools used for characterization of reactions [1].
HPLC is the standard for most quantitative determination in both
research and industrial environments as many compounds are read-
ily separable by polarity differences and are already in the liquid
phase. GC–MS is particularly useful in situations where a large
matrix of compounds is present in unknown quantities, and stand-
ards are not easily obtained, as in this case. Continuous-flow reactors
(CFRs) represent an emerging technology that is becoming more
accepted in industrial settings due to the advantages they offer over
batch reactors. Advantages include more efficient mixing schemes,
rapid heat transfer, and improved user safety [2–5]. These advan-
tages allow for consistent, reproducible, and continuous production
of chemical compounds. Current monitoring methods for CFRs
largely rely on offline chromatographic methods. These techniques
introduce significant delays and inefficiencies into CFR monitoring

[6]. HPLC and GC–MS techniques are largely incompatible with flow
systems and frequently require an operator to collect and prepare sam-
ples [7]. On the other hand, spectroscopic techniques, such as infrared
(IR) and Raman, allow rapid analysis of a reaction system, require no
sample preparation, provide high resolution chemical information, and
have long been used for process monitoring in the petrochemical and
pharmaceutical fields [8–14]. Raman spectroscopy has been regularly
proven effective at monitoring flowing systems in both laboratory and
industrial settings [15–18].

Partial least squares (PLS) is a chemometric tool often used to
effectively process and analyze spectral data [19–22]. PLS is a
multivariate regression method based on forming latent variables
that maximize the covariance between the observed variables and
the response variables [23] by emphasizing and utilizing the regions
in the Raman spectrum that correlate mostly with product formation.
By using PLS regression models built from Raman spectra, Cooper
et al. demonstrated accurate predictions of chemical and physical
properties, including the octane number and vapor pressures of
petrochemical solutions [24]. This was further demonstrated by
Dearing et al. who predicted physical properties of crude oil distil-
lates when combining IR, Raman, and nuclear magnetic resonance
(NMR) information into data-fused models [25].

In order to intelligently design a reaction for continuous flow, the
batch reaction must be well-understood and characterized. The inves-
tigation in batch with Raman spectroscopy and GC–MS and HPLC
chromatographic methods provides mechanistic understanding that
can be translated for an optimal CFR design. In addition, the viability
of the reaction in continuous flow with real-time Raman analysis
requires confirmation of Raman activity over the course of a reaction.
1.1. The Moffat–Swern Oxidation. The Moffatt–Swern oxi-

dation [26] is a multistep, versatile, metal-free reaction by which
alcohols are transformed into aldehydes and ketones (Figure 1).* Author for correspondence: marquardt@apl.uw.edu
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The oxidation requires low temperatures (−70 °C) due to the
highly exothermic generation of intermediates. In addition, the
intermediates – a trifluoroacetoxydimethylsulfonium salt (3)
(“intermediate 1”) and an alkoxydimethylsulfonium salt (5)
(“intermediate 2”) – are very reactive, posing a risk of thermal
runaway should the temperature raise too high. Trifluoroacetic
anhydride (TFAA) acting as an electrophile for the activation of
DMSO was first attempted at room temperature by Albright and
Goldman in 1965 [27]. Swern et al. proved later that the TFAA
activated DMSO is stable at low temperatures and can be used
successfully for the oxidation of alcohols [28]. Main reaction
pathway (the central column in Figure 1): DMSO (1) and TFAA
(2) in DCM react at low temperatures to form intermediate 1 (3).
This compound can form a white precipitate [26] and is only
stable below −30 °C [29]. In the absence of the Pummerer
rearrangement occurring, intermediate 1 (3) reacts as desired with
1-phenylethanol (4) to form intermediate 2 (5), with the free
electron pair on the hydroxyl group of (4) attacking the positive
charge on the sulfur on (3). Trifluoroacetate is cleaved off
together with the excess hydrogen on the hydroxyl. Swern's
1978 paper [26] established the formation of intermediate 2 (5)
via intermediate 1 (3) as “extremely fast irrespective of reaction
temperature, at least down to −70 °C.” Adding the base triethyl-
amine (6) (TEA) to (5) will deprotonate one of the methyl groups
attached to sulfur on (5) to form an ylide (metylcarbanion). The
ylide can now collapse by intermolecular hydrogen transfer to
form dimethylsufide and the carbonyl product (10).

Figure 1. Swern oxidation — The central column (rounded box) shows the desired chemical path. The outer reactions show the chemical pathways
for side-product formation (8) and (9), styrene, and recovery of alcohol (4)

Potential side reactions (the area outside of the central column in
Figure 1): At temperatures over −30 °C, intermediate 1 (3) can
undergo a Pummerer rearrangement reaction and form methylthio-
metyl trifluoroacetate (7). In the presence of base, (7) can experi-
ence a base catalyzed alcoholysis with S-1-phenylethanol (4) to
form sec-phenethyl trifluoroacetate (9). If intermediate 2 (5) is
subjected to room temperature, it can also solvolyze by trifluoro-
acetic acid (TFA) to (9) [28]. The ylide formed from the deproto-
nation of (5) may also collapse in a Pummerer style side reaction
into a methylmethylensulfonium ion and an alkoxide. The alkox-
ide ion can either receive a proton, reform the alcohol, or recom-
bine with the methylmethylensulfonium to form the side-product
sec-phenethyl methylthiomethyl ether (8).

Swern oxidation yield is typically validated with HPLC [30, 31].
The oxidation of S-1-phenylethanol to acetophenone is a well-suited
chemistry for HPLC analysis, as alcohols and ketones have notably
different polarities due to the alcohols' hydrogen bonding attributes.

The aim of this investigation is to demonstrate that a rigorous
study of the Moffat–Swern oxidation in batch aids and enhances its
implementation in a CFR system. Optimization of the CFR with in-
situ Raman spectroscopy and PLS modeling allowed for real-time
quantitative monitoring of the reaction. The Swern oxidation of S-1-
phenylethanol has also previously been studied in a CFR [30–32],
but unlike these, we have incorporated real-time prediction of prod-
uct yield. In addition, this work confirms the hypothesized mecha-
nism proposed in that paper. Results from our previous work [32]
have been compared to a new, optimized reactor configuration.
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2. Results and Discussion

2.1. Batch Reaction. GC–MS and HPLC analysis were per-
formed on the aliquots obtained during post-reaction warm-up.
Figures 2 and 3 show batch composition trends during the last
30 min of the reaction by GC–MS and HPLC, respectively,
calculated by % area of chromatogram.

Figures 2 and 3 highlight the similarities observed between
HPLC and GC–MS chromatograms. Both methods are able to
track acetophenone (10), side-product (9), side-product (8), S-1-
phenylethanol (4), and styrene within the aliquots. IM2 was not
observed since all IM2 was solvolyzed to side-product (9) (95%)
and styrene (5%). This reaction was facilitated by the dilution with
DCM as the aliquots were prepared for chromatographic analysis
as is shown in the solvolysis pathway in Figure 1. Hence, we can
only indirectly follow IM2 concentration via side-product (9) with
HPLC and GC–MS. Also one must note that this is only valid if
one can ascertain that all of side-product (9) is formed after the
retrieval of the aliquots and not through the Pummerer rearrange-
ment of IM1. This describes one of the intrinsic challenges with
offline analysis. In the time required for a sample to be removed
from the reaction and tested, chemical reactions continue and
therefore change the makeup of the sample resulting in erroneous
reporting. This further emphasizes the importance for the in-situ
spectroscopic Raman analysis to fully understand the kinetics of
the reaction.

Selective Raman spectral regions were identified for DMSO (1),
IM1 (3), IM2 (5), and acetophenone (10). The intensities of the
selective wavelengths throughout the reaction were determined to
be proportional to the concentrations. This enabled tracking of the
relative concentrations of these compounds throughout the reaction
as shown in Figure 4.

Spectral regions for S-1-phenylethanol (4) or side-products (8)
and (9) were unable to be separated from the other analytical
signals. For the final 30 min of the reaction, Raman concentration
information was compared with the 30 HPLC samples taken
during the warming period for the purpose of generating calibra-
tion models.

Figure 4 shows the individually scaled concentrations of the
major constituents in the reaction, as well as the temperature inside
the reaction vessel, as a function of time. Between 20 and 24 min
into the reaction, 2 mL of TFAA is injected at 0.5 mL per min. The
shape of the curve showing intermediate 1 (3) formation, shown in
blue, demonstrates that TFAA reacts very rapidly with DMSO. No

spectral features of TFAA are seen in the Raman spectra further
supporting the instant consumption of TFAA.

The S-1-phenylethanol (4) is injected from 30 to 34 min at
0.5 mL per min. Unlike the previous addition, which caused the
instantaneous formation of intermediate 1 (3), the formation of
intermediate 2 (5), shown in the purple line in Figure 4, is signifi-
cantly slower, requiring more than 10 min to equilibrate. Inter-
mediate 2 is still rising in concentration when TEA (6) is
introduced into the system from 40 to 44 min, indicating that the
reaction between S-1-phenylethanol and intermediate has not
reached completion at this point. This is corroborated by the slow
consumption of intermediate 1 in blue, which mirrors the shape of
the formation of intermediate 2. This contradicts previous under-
standing of the Swern oxidation, which indicates that this inter-
mediate formation is very rapid [28].

Acetophenone, seen as the light blue “Product” curve in Figure 4,
starts forming immediately after TEA addition, but at a slow rate.
The rate is highly dependent on the temperature, as is demonstrated
by a clear acceleration of product formation at 62 min, after the
reaction vessel has been removed from its dry ice–acetone bath.

Understanding the information gained from the batch reaction
had significant impact upon the continuous-flow reactor design:

� The chromatographic methods can monitor product, reagent,
side-products (8) and (9), and styrene and can only indirectly
and conditionally follow the IM2 concentration through
observing side-product (9) and styrene.

� Raman can directly monitor DMSO, IM1, IM2, and product
concentrations in the reaction.

� The formation of intermediate 1 (3) is very rapid, and inter-
mediate 2 (5) forms relatively slowly.

� Product formation occurs primarily during the warm-up of the
reactor post-addition of reagents.

The speed of formation of intermediate 1 indicates that the
accepted procedure of waiting 10 min prior to the addition of the
alcohol is not related to the formation of intermediate 1, but rather
to reduce the potential of thermal runaway if both intermediates are
formed in rapid succession (Figure 4). These observations are
important for continuous-flow reactor construction, as exothermic-
ity is easily contained in continuous flow, allowing for chemical
addition orders to be reconfigured. The batch investigation also
shows that high temperature is both our friend and foe; the inter-
mediates will break down if exposed to high temperatures over
time, but heating is required for the fast formation of product in the
end. This indicates that if residence times of the intermediates in

Figure 2. % Composition determined by GC–MS analysis of reaction
mixture during the 30-minute warm-up period

Figure 3. % Composition determined by HPLC analysis of reaction
mixture during the 30-minute warm-up period
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the CFR setup are shortened, the reaction should operate at con-
siderably higher temperatures.
2.2. Continuous-Flow Reaction. Based on the detailed batch

study, the CFR system was designed and optimized to perform the
Moffat–Swern oxidation reaction at the required temperatures.
Two reactor designs were investigated: configurations 1 and 2 as
illustrated in Figure 5.

The rationale behind configuration 1 was to replicate the tradi-
tional procedure used for the Swern oxidation. The arrangement of
the reagent feeds in configuration 2 was determined by using the
information derived from batch regarding the formation and stabil-
ity of IM1 to maximize product yield. Each configuration of the
reactor was evaluated over a range of temperatures, with the aim to
demonstrate the feasibility of the Swern oxidation in continuous
flow and at temperatures above 0 °C.

The success of the Raman PAT (process analytical technology)
for batch monitoring leads to the deployment of a Raman

spectrometer for real-time reaction monitoring. To enable real-time
prediction of product yield, a PLS calibration model was con-
structed. Building the calibration model required aliquots to be
collected from the reactor as the reaction was occurring and
analyzed offline by HPLC. Duplicate aliquots at five temperature
and five flow combinations resulted in 50 calibration samples from
configuration 1 for PLS modeling. This yielded a 4-component
PLS model with a calibration error (RMSEC) of 0.76% yield as is
shown in Figure 6.

This model was used to predict the yield for configuration 2
from the collected Raman data. For validation, six aliquots were
collected during the running of configuration 2 and used as an
external test set (shown as black triangles in Figure 6) yielding a
prediction error (RMSEP) of 1.4%.

Figure 7 indicates the spectral areas in the Raman spectrum
most correlated with product formation as identified in the batch
work. While the entire spectrum was used for PLS modeling,

Figure 4. Progression of reaction versus time. Selective Raman regions used for tracking of components. DMSO, intermediate 1 (3), intermediate 2
(5), and acetophenone (10) are observed along with temperature information (red dotted line below). Additions occur at 10, 20, 30, and 40 min
indicated by arrows. All lines are scaled to show mol equivalents to 1 mol of added alcohol reagent

Figure 5. Schematic of the two CFR set-ups. Each reagent line is equipped with identical components (labeled as A) — reagent pump, flow meter,
pressure sensor, and safety valves for operator safety. The product line (B) contains a Raman probe and a pressure regulator. In configuration 1,
DMSO and TFAA react in the first reactor, forming (3), which subsequently reacts with (4) to form (5). TEA is added in the third reactor. In
configuration 2, (4) and DMSO mix in the first reactor, causing no reaction. This mixture is subsequently added to reactor 2, where TFAA and DMSO
react to form (3). It then reacts with (4) to form (5). TEA is added in the third reactor
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this region in particular shows the temperature dependence of
the production of acetophenone, with the peak at 1685 cm−1

associated with the carbonyl vibrational stretching mode.
Configuration 1: DMSO (1) and TFAA (2) react to form inter-

mediate 1 (3), which was transferred to a second reactor to react
with S-1-phenylethanol (4). Intermediate 2 (5) was formed in the
second reactor, and it was then mixed with TEA in the fourth
reactor, forming the product. The yields at different temperatures
and flow rates are shown in Table 1. Configuration 1 achieves
good yield only for the lowest temperature and highest flow rates
as this is where breakdown of IM1 is minimized. When the

temperature is raised, the Pummerer rearrangement accelerates,
and a steep decline in yield is observed. At room temperature, a
negligible amount of product is formed even at the highest flow
rate. Changing the flow rate also has a big impact on the yield in
this configuration. As flow rate is lowered, IM1 residence time is
lengthened causing increased Pummerer rearrangement.

Configuration 2: Based on the findings in both the batch experi-
ments and current literature [30], this configuration was investi-
gated. The two solvents, DMSO and alcohol, were introduced in
the first reactor. This ensured a thoroughly mixed distribution of
the two reagents. This mixture was then mixed with TFAA in the
second reactor. The success of this configuration hinges on the fact
that TFAA reacts with DMSO and gets consumed before TFAA
has time to react directly with the alcohol. The reaction between
TFAA and DMSO happens extremely fast as was observed in
batch. Thus, intermediate 1 is formed rapidly, and it is then
immediately allowed to react with the available alcohol to form
intermediate 2 in rapid succession. TEAwas introduced in the final
reactor, forming product. As noted earlier, IM1 is highly unstable
and will undergo Pummerer rearrangement at high temperatures.
Configuration 2 takes advantage of the much shorter lifetime of
IM1 so that these side reactions are minimized even when the
reaction temperatures are raised to room temperature. This enables
the rapid consumption of the intermediate before it has time to
decompose and thus leading to a better yield over the whole
temperature range. The flow rate of the CFR system also impacts
the product yield far less since IM1 lifetime is negligibly affected
by such a change. In Table 2, this is clearly shown, as configu-
ration 2 outperforms configuration 1 in all cases when reactor
temperature is raised or the flow rate is lowered.

3. Conclusion

Performing a rigorous study of the batch system that included the
same PAT and sensors as intended for the CFR, allowed for the

Figure 6. Predicted versus measured plot for the PLS model built on
the Raman data. It shows 50 calibration samples (hollow circles)
obtained with configurations 1 and 6 validation samples (black trian-
gles) obtained with configuration 2

Figure 7. Wavelength subset of Raman spectra at five different reaction temperatures. While the entire spectrum was used for PLS modeling, this
region in particular shows the temperature dependence of the production of acetophenone, with peaks at 1685 cm−1 with carbonyl vibrational mode
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effective design and optimization of an effective CFR system.
Following the batch reaction in real-time with Raman was an
efficient way to quickly determine the thermodynamic and kinetic
reaction properties. The knowledge acquired lead to two different
CFR configurations to test the reaction performance of the Moffat–
Swern oxidation reaction. These two configurations were both suc-
cessfully monitored with on-line Raman and modeled with PLS
allowing for real-time quantitative monitoring of chemical yield. The
CFR system far outperformed the batch setup in being able to
generate product at temperatures higher than −20 °C. Compared to
CFR configuration 1, CFR configuration 2 significantly improved
the viability of the Swern oxidation at higher temperatures allowing
product yield of 67% at room temperature. The success of our
approach can set a standard for future approaches of converting a
batch reaction into a continuous process.

4. Experimental

4.1. Batch
4.1.1. Batch Apparatus. A 50-mL 3-neck round-bottom flask

was immersed in a dry ice–acetone bath, maintained below minus
70 °C for the duration of the experiment. A Kaiser Optical Systems
RXN4 Raman system (Ann Arbor, MI) was equipped with a 1/8″
O.D. Raman immersion BallProbe (MarqMetrix, Seattle, WA) was
inserted into the reaction vessel to monitor the spectral response as
the reaction progressed. Raman spectra were collected every 15 s
(each acquisition consisted of the average of five, 1-second accu-
mulations). Thermocouples measured temperature in the reaction
vessel and the acetone bath every second. Temperature information
was recorded via LabVIEW software (National Instruments Cor-
poration, Austin, TX). The apparatus also consisted of a 20-mL
syringe pump, feeding chemicals via a syringe and 1/8″ Teflon
tubing, through a Corning LF (low flow) Mixing plate (Avon,
France) into the three-neck round-bottom flask. The Corning LF
Mixing plate was maintained at a temperature of −20 °C via a heat
exchange pump (Huber Tango, Huber USA, Northport, NY).
Thorough mixing throughout the reaction was ensured by placing
the dry ice–acetone bath on top of a magnetic stirrer.

4.1.2. Moffat–Swern Oxidation Procedure. All reagents were
precooled to −20 °C and added to the reactor at 0.5 mL/min for
4 min (2 mL total volume) as shown in Table 2. At t=60 min, the
vessel was removed from the acetone bath. After an additional
20 min, at t=80 min, the vessel had reached room temperature.

Through the warming period from t=60 min to t=80 min,
0.1 mL aliquots were taken from the vessel and diluted into
1 mL DCM for HPLC and GC–MS analysis. The HPLC was an
Agilent 1100 Series (Agilent Technologies, Santa Clara, CA) using
a reverse-phase column (Agilent C18 Column). The liquid chro-
matography was performed using a mixed mobile phase: 0.1%
acetic acid in water and acetonitrile. The mobile phase began at
95% acetic acid. After 2 min, a solvent gradient was applied over
5.5 min to reduce the acetic acid content to 5% and increase the
acetonitrile content to 95%. The 95% acetonitrile mix was main-
tained for a further 2 min. The HPLC method resulted in clearly
defined peaks for S-1-phenylethanol (4), acetophenone (10), and
side-products (8) and (9). Acetophenone peak area, compared to
reagent and side-products peak areas, was used to determine
reaction progress. HPLC was chosen for quantitative yield meas-
urement throughout this study. For GC–MS, the aliquots were
investigated via a 5973A GC–MS (Agilent Technologies, Santa
Clara, CA) to confirm chemical structure and presence. Separa-
tions were performed on a model 6890A GC and Agilent DB-5
20 mm×0.18 mm×0.4 μm column. Oven temperature maintained
at 50 °C following an injection, then ramped at 10 °C/min to
120 °C, and finally ramped at 30 °C/min to 250 °C for a total
runtime of 16.33 min. The quadrupole MS acquired from mass
50 to 250, at 6 scans per second.

Raman data was interpreted in MATLAB 7.5 (MathWorks,
Natick, MA). All spectra were preprocessed using a baseline
removal algorithm (Whitaker filter) and extended multiplicative
scatter correction (EMSC) from PLS Toolbox (Eigenvector
Research Inc., Wenatchee, WA) to remove undesired variation
between spectra.
4.2. Continuous-Flow Reactor
4.2.1. Hardware. The MSO was performed with a reactor

system comprised of 4 main components: an Intraflow New

Table 2. Additions in batch procedure

Time (min) Reagents Cons. (M) Volume (mL) Injection rate (mL/min) Total volume (mL)

0 Pure DCM 15.7 2 – 2
10 DMSO 4 2 0.5 4
20 TFAA 2.4 2 0.5 6
30 S-1-phenylethanol 2 2 0.5 8
40 TEA 5.8 2 1 10

Table 1. % Yield of acetophenone (10) in CFR configuration 1 and configuration 2. Green colors indicate high yield while red colors indicate low yield
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Sampling and Sensor Initiative (NeSSI) sampling system, the
Raman BallProbe and sensors and controllers, the chemical reactor
plates, and the control software. The NeSSI Intraflow sampling
system, provided by Parker Hannifin (Cleveland, OH), consisted of
four reagent lines and a product line as shown in Figure 5. Temper-
ature was controlled by a Huber Tango heat-exchanger (Huber
USA, Northport, NY) and was connected to a commercial CFR
reactor, comprised of a Corning LF Reactor plate (Corning Glass,
Avon, France) and four Corning LF residence time plates, each with
a reactor volume of 1 mL. Each reagent line had a pump, a pressure
transducer (HEISE, Stratford, CT), a flow meter (FCI Incorporated,
SanMarcos, CA), and safety valves for operator safety. The product
line contained a thermocouple and a 0.5″ O.D. Raman BallProbe
(MarqMetrix, Seattle, WA) connected to a four-channel 785 nm
Raman system, supplied by Kaiser Optical Systems (Ann Arbor,
MI). The reagents were 1.0 M trifluoroacetate anhydride (Sigma-
Aldrich), 2.4 M DMSO (Sigma-Aldrich), 1.0 M S-1-phenylethanol
(Sigma-Aldrich), and 4.0 M triethylamine (Sigma-Aldrich), all in
dichloromethane (Sigma-Aldrich). All four reagents were trans-
ferred into the system by HPLC Pumps (two FLOM HPLC pumps
[Tokyo, Japan] and two SSI Series I HPLC pumps, SSI, State
College, PA).

There were two different configurations set up on the reagent
lines as shown in Figure 5. In configuration 1, DMSO and TFAA
were added in the first reactor, which subsequently was mixed with
S-1-phenylethanol to form intermediate 2 in the second reactor and
TEA in the third reactor. This configuration is the most common in
literature and has also been investigated by Roberto et al. [32]. In
configuration 2, S-1-phenylethanol and DMSO were mixed in the
first reactor. This mixture was subsequently mixed with TFAA in
reactor 2 and TEA in the third reactor. This configuration has been
investigated by Yoshida et al. [30]
4.2.2. Data Analysis CFR. For configuration 1, a Raman PLS

model of product yield was constructed. A series of experiments
was performed using the CFR, varying temperatures from −20 °C
to 20 °C and flow rates from 2 mL/min to 10 mL/min at 5 levels.
At each design stage, aliquots were collected and analyzed offline
with HPLC to determine yield. Simultaneously, Raman spectral
data were collected and a PLS model to predict yield from the
spectral data was made using leave-one out cross validation [33].
Random points in the design were validated via offline HPLC and
used as test samples in the PLS model. Modeling performance was
determined as the minimum root mean square error of prediction
(RMSEP) [34]. The PLS model was integrated into the control
software, whereby enabling prediction of the product yield in real-
time immediately after retrieval of a new Raman spectral file. For
configuration 2, the PLS model was developed in the same fashion
as described in configuration 1.
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